The RepA protein of the mobilizable broad host range plasmid RSF1010 has a key function in its replication. RepA is one of the smallest known helicases. The protein forms a homohexamer of 29,896-Da subunits. A variety of methods were used to analyze the quaternary structure of RepA. Gel filtration and cross-linking experiments demonstrated the hexameric structure, which was confirmed by electron microscopy and image reconstruction. These results agree with recent data obtained from RepA crystals diffracting at 3.5-Å resolution (Rö leke, D., Hoier, H., Bartsch, C., Umbach, P., Scherzinger, E., Lurz, R., and Saenger, W. (1997) Acta Crystallogr. Sec. D 53, 213-216). The RepA helicase has 5 3 3 polarity. As do most true replicative helicases, RepA prefers a tailed substrate with an unpaired 3-tail mimicking a replication fork. Optimal unwinding activity was achieved at the remarkably low pH of 5.5. In the presence of Mg 2؉ (Mn 2؉ ) ions, the RepA activity is fueled by ATP, dATP, GTP, and dGTP and less efficiently by CTP and dCTP. UTP and dTTP are poor effectors. Nonhydrolyzable ATP analogues, ADP, and pyrophosphate inhibit the helicase activity, whereas inorganic phosphate does not. The presence of Escherichia coli single-stranded DNA-binding protein stimulates unwinding at physiological pH 2-3-fold, whereas the RSF1010 replicon-specific primase, RepB protein, has no effect, either in the presence or in the absence of single-stranded DNA-binding protein.
DNA helicases play essential roles in key biological processes such as DNA replication, repair, recombination, and transcription (1) . These enzymes are receiving more attention, since it is now known that several hereditary human diseases (xeroderma pigmentosum, Cockayne's syndrome, trichothiodystrophy, Bloom's syndrome, and Werner's syndrome), some of which result in cancer, are caused by defects in DNA helicases or putative helicases that are involved in DNA excision repair (2) (3) (4) (5) (6) (7) (8) .
In each of the processes where helicases are involved normally, both strands of duplex DNA are separated by breaking the hydrogen bonds formed between the bases. This reaction is driven by the energy derived from hydrolysis of nucleoside triphosphates. The most common nucleotide used is ATP. Depending on the enzyme, other nucleotides can substitute for ATP more or less efficiently (1) . However, some helicases prefer a single triphosphate, e.g. T7 gene 4 protein is fueled mainly by dTTP (9, 10) . Helicases are typically oligomers, forming either dimers or rings consisting of six subunits. The ring-shaped enzymes are found widely distributed throughout the eukaryotic and the prokaryotic worlds including examples in viruses, bacteriophages, and plasmids. In all of these organisms, ring-shaped helicases function in the various processes of DNA replication, repair, or transcription and were found to have either 3Ј 3 5Ј or 5Ј 3 3Ј polarity. Therefore, the common ring structure shared by this class of helicases confers general, not process-specific, functional properties to these enzymes.
Three-dimensional structure analysis by electron microscopy of the replicative helicases DnaB, T7 gene 4 protein, and T4 gene 41 protein showed that these enzymes contain either 6 or 12 subunits (11) (12) (13) . DnaB is a triangle-shaped oligomer composed of a trimer of dimers with point group symmetry D 3 (11) , whereas gene 4 and gene 41 proteins are ring-shaped hexamers with 6-fold symmetry (12, 13) . It is not known whether both strands of DNA or just one pass through the central hole formed by the subunits. While initial insights into the three-dimensional structure of helicases were gained by electron microscopical analysis, clues to their mechanism of action will probably be provided by x-ray crystallography.
Recently, the first x-ray crystal structure of a helicase was reported (14) . However, the biological role of this monomeric protein derived from Bacillus stearothermophilus remains unclear. Another recent report described preliminary x-ray crystallographic data of the first hexameric replicative helicase crystallized, the RepA protein of plasmid RSF1010 (15) , which is one of the smallest helicases known (29, 896 Da/subunit). Structural analysis using electron microscopy revealed that, at neutral pH, RepA is a ring-shaped hexamer with a central channel formed by the globular subunits (15) . At pH 5.6, the hexamers aggregate to form tubular structures. Crystallization experiments of RepA resulted in crystals diffracting to 3.5-Å resolution (15) . These data demonstrated the presence of a 6-fold rotational axis within the molecule so that the six monomers are oriented identically to each other.
The RepA protein might be the first hexameric replicative DNA helicase for which high resolution structural information is available. Since most of the components of the RSF1010 replication initiation system are plasmid-encoded and characterized, the structural and biochemical data available for this model system can be combined to gain insight into the function and the mechanism of action of ring-shaped replicative helicases.
RSF1010 (also called R300B and R1162) is a small (8, 684 bp; 1 Ref. 16 ) multicopy plasmid that can replicate in most Gram-negative bacteria and also in Gram-positive actinomyces (17) . The replication of RSF1010 DNA in Escherichia coli was shown to depend completely upon three plasmid-encoded proteins, the products of genes repA, repBЈ, and repC (18) . In addition, the minimal origin sequence required to support RSF1010 replication has been identified (19) . This 396-bp sequence (oriV) can be divided into two functional domains. The first domain is made up of three direct repeats of 20 bp and adjacent GC-rich and AT-rich segments of DNA. The iterons are the primary binding site for the plasmid-encoded initiator protein RepC (16) . In addition, RepC promotes localized melting of the AT-rich oriV segment (20) . The second domain contains two oppositely oriented sites for the initiation of DNA synthesis, termed ssiA and ssiB. These sequences, which are on the plasmid l-(upper) and r-(bottom) strand, respectively, can function in a single-stranded form as a template for the synthesis of a unique DNA or mixed RNA/DNA primer by the RepBЈ protein, and they are the primary positions for the initiation of each plasmid strand (21) . If either ssiA or ssiB is deleted, the plasmid is substantially disabled, i.e. it is no longer maintained in the cell as a monomeric molecule (21) .
Although both of the ssi signals of RSF1010 are required for normal plasmid replication, they can be replaced by other types of priming signals such as the primosome assembly site from phage X174 or the priming signal from phage G4 (22, 23) . When both ssi sites are replaced by heterologous priming signals, the function of the chimeric oriV is no longer dependent on RepBЈ but is still dependent on RepA and RepC (23) . RepB is the full-length product of the repB gene, whereas RepBЈ results from an in-frame start of translation (16) . It has been postulated that, subsequent to the initial RepC-mediated destabilization of the AT-rich oriV segment, the DNA duplex is unwound by RepA protein.
The in vitro replication of RSF1010 DNA is supported by a crude extract from plasmid-free E. coli cells supplemented with purified RepA, RepBЈ, and RepC proteins (18) . The 396-bp oriV fragment required in vivo is also active in vitro. DNA synthesis in vitro is initiated at the two ssi signals within the minimal oriV sequence and, as inferred from the structure of intermediates seen in the electron microscope, appears to occur asymmetrically, with each plasmid strand being copied independently in a continuous fashion (18) . Inhibition by specific antibodies or complementation of mutant extracts implicate E. coli DNA polymerase III holoenzyme, SSB, and DNA gyrase as well as the heat-shock proteins DnaJ and DnaK in this replication pathway. The bacterial RNA polymerase and the DnaA, DnaB (helicase), DnaC, DnaG (primase), and DnaT proteins are not required (18) . 2 This laboratory has been examining the activities of the three plasmid-encoded Rep proteins in an effort to define their precise molecular roles in the initiation of RSF1010-specific replication. In this report, we describe the biochemical properties of the purified RepA protein previously characterized as an ssDNA-stimulated ATPase and dATPase (24) , which is also a DNA helicase. We compare some of its properties with those of DnaB, the principal replicative helicase of E. coli.
EXPERIMENTAL PROCEDURES

Reagents and Buffers
ATP-agarose (ATP attached through the ribose hydroxyls, 11-carbon atom spacer) was obtained from Sigma (A6888 
Enzymes and Proteins
T4 polynucleotide kinase and terminal deoxynucleotidyl transferase were obtained from Amersham Corp. Molecular mass standards for gel filtration and SDS-polyacrylamide gel electrophoresis were from Sigma and Boehringer Mannheim, respectively. E. coli SSB was prepared by a modification (18) 3 of a published procedure (25) .
Purification of RepA Protein (Table I) All operations were carried out at 4°C unless noted otherwise. Protein was measured using the Bradford reagent (26) obtained commercially from Bio-Rad. The results of a typical purification are summarized in Table I .
Cultures (1.2 liters in 5-liter flasks) of SCS1 (pVH1, pVH2) (20) were grown with shaking at 37°C in 1% tryptone, 0.5% yeast extract, 0.5% NaCl, 0.2% glucose, 20 g/ml thiamine, 40 mM Mops/KOH, pH 7.9, and 25 g/ml each of ampicillin (sodium salt) and kanamycin sulfate. At A 590 ϭ 0.5, isopropyl-␤-D-thiogalactopyranoside was added to 0.33 mM, and growth was continued for 3 h. The cells were harvested at 25°C, washed with 240 ml of ice-cold 40 mM Tris/HCl, pH 8, 0.1 M NaCl, resuspended in the same buffer (1 ml/g wet cells), frozen in liquid N 2 , and stored at Ϫ70°C. Cells (55 g of bacterial pellet) were thawed at 10°C and distributed into centrifuge tubes, and 1 ⁄100 volume each of 30 mg/ml egg white lysozyme and 0.1 M EDTA was added. After 45 min on ice, the cell suspension was mixed with an equal volume of 10 mM Tris/HCl, pH 8, 0.2 M NaCl, 2 mM dithiothreitol, 0.5% Brij 58, transferred to a 37°C water bath, and heated to 15°C with gentle stirring. The resulting lysate was centrifuged at 90,000 ϫ g for 90 min, and the clear supernatant was collected (fraction I, 160 ml).
Heparin-Sepharose-Fraction I was diluted with buffer A (20 mM Tris/HCl, pH 8, 1 mM dithiothreitol, 0.1 mM EDTA, 10% ethanediol) to a conductivity equivalent to that of 0.1 M NaCl in buffer A and applied, at a flow rate of 25 ml/h, to a heparin-Sepharose column (2.5 ϫ 10 cm) equilibrated with buffer A and 0.1 M NaCl. More than 95% of the applied RepA activity was recovered in the flow-through and 0.1 M NaCl wash fractions (fraction II, 310 ml).
DEAE-Sephacel Chromatography-Fraction II was applied directly, at a flow rate of 200 ml/h, to a DEAE-Sephacel column (5 ϫ 10 cm) equilibrated with buffer A and 0.1 M NaCl. The column was washed with 300 ml of buffer A and 0. 1 M NaCl. Proteins were eluted with a 2 liters linear gradient of 0.1-0.4 M NaCl in buffer A. RepA eluted at 0.17 M NaCl. The peak fractions, comprising 80% of the activity, were pooled and dialyzed for 6 h against buffer A and 10 mM NaCl (fraction III, 270 ml).
Affinity Chromatography on Immobilized ATP-The procedure is similar to that described by Lanka et al. (45) for the purification of the E. coli DnaB protein. A 27-ml portion of fraction III (65 mg of total protein) was adjusted to 10 mM MgCl 2 and applied, at a flow rate of 30 ml/h, to an ATP-agarose column (2.6 ϫ 5.7 cm) equilibrated with buffer A and 10 mM MgCl 2 . The column was washed first with 30 ml of buffer A and 10 mM MgCl 2 and then with 30 ml of buffer A and l0 mM NaCl, followed by elution of RepA with 90 ml of buffer A containing 20 mM sodium pyrophosphate. The procedure was repeated four times using the same ATP-agarose column. After each elution step, the column was washed with 3 column volumes of 10 mM Tris/HCl, pH 8, 2 M NaCl, 2 M urea, 1 mM EDTA prior to re-equilibration in buffer A and 10 mM MgCl 2 . The RepA-active fractions from the five pyrophosphate eluates were 1 The abbreviations used are: bp, base pair(s); nt, nucleotide(s); SSB, single-stranded DNA-binding protein; ssDNA, single-stranded DNA; ATP␥S, adenosine-5Ј-O-(3-thiotriphosphate); App(NH)p, ␤,␥-imidoadenosine 5Ј-triphosphate; App(CH 2 )p, ␤,␥-methyleneadenosine 5Ј-triphosphate; Epps, 4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid; Mes, 4-morpholineethanesulfonic acid; Mops, 4-morpholinepropanesulfonic acid.
2 E. Scherzinger, unpublished observations. 3 E. Lanka, unpublished observations. combined (70 ml), dialyzed for 12 h against buffer A and 10 mM NaCl, and concentrated by applying the enzyme onto a 5-ml DEAE-Sephacel column that had been equilibrated with buffer A. RepA was eluted with buffer A and 0.3 M NaCl, and the fractions with an A 280 of Ͼ 1.0 were pooled (fraction IV, 9 ml). Fraction IV has been stored at Ϫ70°C for up to 4 years without significant loss of activity.
Cross-linking of RepA Subunits
RepA (2 g) in 20 l of a buffer containing 20 mM sodium phosphate (pH 7.2), 10 mM MgCl 2 , and 0.5 mM dithiothreitol was mixed with 0.5 l of 1.6% glutaraldehyde and incubated at 25°C. After the specified time, the reaction was terminated by the addition of 4 l of 2 M Tris/HCl, pH 6.8, and incubation for 5 min at 4°C. The quenched samples were mixed with 8 l of a solution containing 4% SDS, 0.2 M dithiothreitol, 50% glycerol, and 0.1% bromphenol blue, heated at 95°C for 2 min, and applied to a 4 -12% polyacrylamide linear gradient gel (acrylamide: bisacrylamide ratio of 80:1) containing 0.1% SDS and 0.1 M sodium phosphate buffer, pH 7.2. Electrophoresis was at 14 V/cm for 6 h with buffer recircularization, and proteins were visualized by staining with silver (27) .
DNA Techniques
M13 phages were grown in E. coli XL1-Blue (28), and ssDNA was isolated according to established procedures (29, 30) . m0T8 is a derivative of M13 mp8 that carries the l-strand of the 590-bp AluI-PstI fragment of RSF1010 (base pairs 7983-8572; Ref. 16 ). It was constructed by insertion of the AluI-PstI fragment into M13 mp8 prepared with SmaI and PstI. m0T7-1 and m0T7-2 are derivatives of M13mp7 that carry the r-and l-strands, respectively, of the 777-bp HincII fragment of RSF1010 (base pairs 7907-8684; Ref. 16 ). They were constructed by insertion of the HincII fragment in both orientations into the HincII sites of M13mp7. The 789-nt ssDNA fragment used in the construction of helicase substrates was the product of digesting m0T7-1 ssDNA with BamHI. The released fragment was separated by electrophoresis on, and recovered from, 1% agarose of low melting temperature as described by LeBovitz and McMacken (31) .
The sequences of the oligonucleotides ES-1 (22-mer, untailed), ES-2 (45-mer, 3Ј-tailed), and ES-3 (45-mer, 5Ј-tailed) used to generate M13 DNA hybrids were as described by Crute et al. (32) . SF-1 (GCAAGAAT-TCGTTGACGGATC) and SF-2 (CGTCAACATAACCTCGGACAG) are 21-mers that are complementary to the sequences at the 5Ј-and 3Ј-ends of the 789-nt BamHI fragment described above.
Preparation of Helicase Substrate
The substrate with a 591-bp duplex region was previously used to assay the helicase activities of the phage P1 Ban protein (33) and the phage P4 ␣ protein (34) . The partial duplex was formed by hybridizing the 3Ј-labeled 789-nt BamHI fragment from m0T7-1 to m0T8. The annealed fragment contains 3Ј-and 5Ј-overhangs of 79 and 119 nt, respectively. The gel-purified BamHI DNA was 3Ј-labeled with [␣-32 P]ddATP using terminal deoxynucleotidyl transferase (35) . Unincorporated ATP was removed by differential ethanol precipitation (29) . The hybridization mixture (40 l) containing 5 pmol (1.3 g) of [ 32 P]DNA fragment and 10 pmol (25.4 g) of m0T8 ssDNA in 0.15 M sodium phosphate buffer, pH 7, was heated at 95°C for 2 min and then incubated at 65°C for 3 h. The hybridized DNA was diluted 10-fold in 20 mM Tris-HCl (pH 7.6), 1 mM EDTA and used directly as a helicase substrate.
The substrates used to examine the requirement for a preformed fork in RepA helicase activity were prepared by hybridizing a 5Ј-labeled M13 oligonucleotide (ES-1, -2, or -3) to M13mp18. Each oligonucleotide was 5Ј-labeled with [␥-32 P]ATP using polynucleotide kinase (36) . Unincorporated ATP was removed by chromatography on a Sep Pak C 18 column (Waters) (30) . The hybridization mixture (50 l) containing 12 pmol of 32 P-oligonucleotide and 6 pmol (14.1 g) of M13mp18 ssDNA was heated at 65°C for 10 min and then cooled slowly (1 h) to Ͻ35°C. The M13 hybrids were separated from free oligonucleotide by gel filtration on Bio-Gel A-15 m (Bio-Rad) (30) .
The substrates used to determine the polarity of the RepA helicase movement were prepared by hybridizing 10 pmol of 32 P-5Ј-end-labeled 21-mer (SF-1 or SF-2) to the m0T7-1-derived 789-nt BamHI fragment (6.6 pmol), as described for the M13 DNA hybrids. The hybrids were purified by gel electrophoresis followed by electroelution (30) .
Helicase and ATPase Assays
Unless indicated otherwise, DNA helicase reactions (20 l) were performed at 30°C for 10 min in buffer D (pH 7.6) containing 0.5 mM ATP.
32 P-Labeled DNA substrates and proteins were added as indicated. The reactions were halted by placing the samples on ice and adding 5 l of 80 mM EDTA, pH 8, 4% SDS, 50% (v/v) glycerol, and 0.1% bromphenol blue. Aliquots (15 l) were then electrophoresed for 1 h at 150 V through a 10% polyacrylamide slab gel (0.05 ϫ 8 ϫ 11 cm) containing 0.1% SDS in 0.5 ϫ TBE (45 mM Tris base, 45 mM boric acid, 1 mM EDTA). Labeled DNA products were visualized by storage phosphor technology (37) . The radioactivity present either in substrate or displaced fragments was quantified using the ImageQuant software, version 3.3 (Molecular Dynamics). Background values of the displaced fragments varied between 0.5 and 3% of the input substrate and were subtracted from the values obtained in the presence of RepA.
ATP hydrolysis reactions (20 l) were performed at 30°C for 30 min in buffer D containing 0.5 mM [␣-
32 P]ATP (10 cpm/pmol) and 2 g of M13mp18 ssDNA. Products were separated by chromatography on polyethyleneimine-cellulose (38) , and the formation of [␣-32 P]ADP was quantified as described above.
DNA Replication Assay
Replication activity of RepA was assayed by complementation in standard 25-l reaction mixtures containing 0.32 g of RSF1010 DNA and 200 g of a fraction II extract from E. coli C600 supplemented with 25 ng of RepBЈ protein and 150 ng of RepC protein (18) . One unit of RepA activity was defined as the amount of enzyme that catalyzed the incorporation of 100 pmol of dTMP into DNA after a 30-min incubation at 30°C.
Image Reconstruction
Micrographs of RepA helicase at pH 7.0 were prepared as described (15) . They were digitalized in an Eikonix camera with a pixel size of 3.8 Å and subsequently processed using the Xmipp package (39). 4 Single particle images of 50 ϫ 50 pixels were manually selected and extracted from the micrographs. The particles selected were homogeneously stained, globular shaped, and nonoverlapping with other particles. Particles were then translationally and rotationally aligned using a reference-free alignment algorithm (40, 41) and cross-correlation methods. Once the population was aligned, the average projection image was obtained. The rotational power spectrum (42) of this average projection was then calculated. To assess the resolution of the average, the spectral signal:noise ratio method was used (43) .
RESULTS
Purification of RepA-The isolation of the RSF1010 RepA protein from an extract of the overproducing strain SCS1 (pVH1, pVH2) is summarized in Table I . During purification, the activity of RepA was monitored by its ability to support RSF1010 DNA replication in an extract from C600 bacteria that had been supplemented with RSF1010 proteins RepBЈ and RepC (18) . The preparation of purified RepA (fraction IV) was at least 95% electrophoretically pure as judged by Coomassie Blue (Fig. 1B, lane A) or silver staining (not shown). Purification resulted in a 7-fold increase in the RSF1010 replicationspecific activity, and overall, 63% of the total activity in fraction I was recovered in the final RepA preparation (Table I) .
A major step in the purification was the agarose-ATP affinity column, whose use was suggested by the appearance in the a Starting from 55 g of wet cell paste. b This step has been adjusted for the fact that only 50% of the material from the previous step was subjected to affinity chromatography on ATP-agarose.
RepA amino acid sequence of a type A nucleotide-binding motif (44) . As previously reported for the DnaB protein of E. coli (45) , RepA was found to bind tightly to agarose-ATP, which contained ATP linked to the spacer molecule via its oxidized ribose moiety, and to elute from this resin at low concentrations (3-10 mM) of ATP, ADP, or sodium pyrophosphate. Separation of RepA from DnaB was achieved by the preceding DEAE-Sephacel chromatographic step. The RepA activity eluted in a single peak at 0.17 M NaCl. DnaB, detected as an activity capable of complementing a dnaB temperature-sensitive mutant extract for phage X174 DNA synthesis (46), eluted with a major peak at 0.3-0.4 M NaCl (data not shown). Like DnaB, but unlike many other DNA replication proteins of E. coli, RepA did not bind to a heparin-Sepharose column or to a calf thymus ssDNAcellulose column under conditions as described under "Experimental Procedures." The initial heparin-Sepharose step, however, was important, since it resulted in the elimination of several contaminants with ATPase activity, which bound similarly to DEAE-Sephacel and agarose-ATP as did RepA.
Physical Properties of RepA-Analysis of the purified RepA protein by 20% SDS-polyacrylamide gel electrophoresis indicated a molecular mass of 31 kDa (Fig. 1B) . This value for the denatured and reduced protein is in close agreement with the value of 29,896 Da predicted from DNA sequence analysis (16) . Amino-terminal and carboxyl-terminal amino acid sequence determinations on the purified protein confirmed that which was deduced from the nucleotide sequence, apart from the loss of the predicted N-terminal initiator methionine (16) .
The native molecular mass of the RepA protein was determined from its hydrodynamic properties (47) . The Stokes radius of the purified protein was 5.2 nm, as determined by gel filtration through a fast protein liquid chromatography Superose-12 column. The elution profile showed one symmetrical peak of replication activity, which coincided with the presence of the 31-kDa RepA band (Fig. 1, A and B) . The sedimentation coefficient was 7.9 S, as determined by glycerol gradient centrifugation (data not shown). The partial specific volume calculated from the protein's inferred amino acid composition (16) was 0.74 cm 3 /g. Using these values, a native molecular mass of 175 kDa was calculated, which is consistent with RepA behaving as a hexamer of 30-kDa subunits. The calculated frictional ratio f/f 0 is 1.22.
The hexameric subunit composition was confirmed by crosslinking studies yielding six distinct polypeptide species with molecular masses equal to integer multiples of the protomer molecular mass (Fig. 2) . The presence of either 1 mM ATP or ATP␥S and Mg 2ϩ ions during the cross-linking reaction did not affect significantly the pattern of protein bands produced (data not shown), indicating that hexamer formation does not require cofactors.
Concentrated ATP-agarose fractions of RepA protein were stable for more than 4 years at Ϫ70°C and for at least 6 days at 0°C. The purified protein was unaffected by heat treatment at 55°C for 15 min but was totally inactivated by heating at 80°C for 5 min. No significant (Ͻ10%) loss of the replicative activity of RepA was observed after treatment for 10 min at 30°C with 10 mM N-ethylmaleimide, indicating that thiol groups are not essential for catalytic activity. The DNA sequence predicts a single cysteine (residue 171) for the RepA monomer (16) .
Image Reconstruction of Electron Micrographs of RepA-The average image obtained after image processing of RepA micrographs is shown in Fig. 3 . The resolution achieved is 18 Å, as estimated by the signal:noise ratio method (43) . The projection average has been filtered to this resolution. RepA appears as a particle about 13 nm in diameter composed by six globular drop-shaped subunits arranged in a ring-like structure around a central region of about 30-Å diameter where the staining RepA (160 g of Fraction IV in 200 l) was applied to a Superose gel filtration column (1.0 ϫ 30 cm) that had been equilibrated with buffer B at 22°C. The column was eluted with buffer B at a flow rate of 0.4 ml/min and 0.2-ml fractions were collected. Fractions were assayed for protein (q) and for activity (E) in the RepA-, RepB-, and RepC-dependent RSF1010 replication system (18) . Protein size markers were filtered independently through the column, and their elution was monitored by A 280 . The arrows point to the positions of ␤-amylase (M r 200,000) (1), alcohol dehydrogenase (M r 150,000) (2), bovine serum albumin (M r 66,000) (3), carbonic anhydrase (M r 29,000) (4), and cytochrome c (M r 12,400) (5). The void volume (V 0 ) was determined with blue dextran. B, SDSpolyacrylamide gel electrophoresis analysis of the activity peak fractions. Portions (20 l) of column fractions 48 -59 were electrophoresed on an SDS-20% polyacrylamide gel (acrylamide:bisacrylamide ratio of 180:1) using the buffer formulations of Laemmli (48) , and the gel was stained with Serva blue R. Lane M, molecular size markers (kDa) in order of decreasing mass: ␤-galactosidase, fructose-6-phosphate kinase, glutamate dehydrogenase, aldolase, triose phosphate isomerase, trypsin inhibitor, and lysozyme. Lane A, 6.7 g of fraction IV RepA protein.
FIG. 2. Subunit composition of the purified RepA protein.
RepA was chemically cross-linked and analyzed by SDS-polyacrylamide gel electrophoresis as described under "Experimental Procedures." Lane 1, unreacted RepA protein (2 g); lanes 2-4, RepA (2 g) incubated with glutaraldehyde (0.04%) for 20, 60, and 180 min, respectively. The standards are, in order of decreasing mass, as follows: ␣ 2 -macroglobulin (nonreduced), ␣ 2 -macroglobulin (reduced), ␤-galactosidase, fructose-6-phosphate kinase, glutamate dehydrogenase, aldolase, and triosephosphate isomerase. The RepA oligomers cross-linked by glutaraldehyde were identified based on their position with respect to the marker proteins. agent penetrates (Fig. 3A) . This central region is very likely to be a channel running through the whole particle, since it has been shown to occur in other multimeric helicases such as E. coli DnaB (11) and RuvB (49) or the hexameric form of SV40 large T antigen (50) . The distribution of density in each subunit is not completely symmetric. The outer area of each of the blobs is nearer to one of its neighboring subunits than to the other. This constitutes a hint of the existence of a certain vorticity in the oligomer structure. The presence of six clearly separated density subunits is in agreement with the biochemical data depicting the RepA oligomer as an homohexamer in the conditions used for the electron microscopy analysis. These density maxima look virtually identical in the global average image obtained at the resolution achieved in this work, and they could then correspond to individual monomers of the protein. The resulting global 6-fold symmetry is confirmed by rotational analysis (42) . The rotational power spectrum of the averaged particle of the whole population (Fig. 3B) shows that no other symmetry component presents a significant energy, apart from the dominant 6-fold harmonic. This fits well with the available crystallographic data that support a macromolecular architecture for RepA with 6-fold rotational symmetry (15) .
RepA Is a Helicase-As reported previously (24), RepA protein catalyzes the hydrolysis of ATP or dATP to ADP (dADP) and P i in a reaction that is stimulated by the presence of ssDNA. Because nucleoside 5Ј-triphosphatase activity that is stimulated or completely dependent on ssDNA is a general feature of DNA helicases (1), it seemed likely that the purified protein would exhibit some form of helicase activity. To detect DNA unwinding by RepA, three partially duplex DNA substrates were used, each containing 22 bp of duplex DNA. One substrate contained a nonannealed 3Ј-tail on the oligonucleotide to be displaced, which was released more efficiently (approximately 5-fold) than the untailed or 5Ј-tailed oligonucleotides (Fig. 4) . Further experiments using the 3Ј-, 5Ј-tailed DNA substrate depicted in Fig. 5B showed that RepA is also capable of unwinding stretches of duplex DNA several hundreds of base pairs in length. However, the amount of fragment displaced with this substrate at a given RepA:DNA ratio was substantially lower (2-3-fold) than that observed using the 3Ј-tailed substrate with 22 bp of duplex DNA. In part, this may reflect the faster rate of reannealing of the longer fragment under the reaction conditions. 
FIG. 5. Analysis of the Superose-12 column fractions for
ATPase activity and DNA helicase activity. The assays were performed on the same fractions as described in Fig. 1 . A, quantification of the ATPase and helicase reactions. ATP hydrolysis was measured as described under "Experimental Procedures" in the presence (q) and in the absence (E) of ssDNA with 1 l of each fraction indicated. DNA unwinding activity (å) was detected in the column fractions with the 591-bp partially duplex DNA substrate shown schematically in B. The total length of the fragment annealed to mOT8 is 790 nt, including the The helicase activity eluted from the Superose-12 gel filtration column as a single peak, which coincided with the ssDNAdependent ATPase activity (Fig. 5A ) and also with replication activity measured in the RepA-, RepB-, and RepC-dependent RSF1010 replication system (Fig. 1A) . Furthermore, each of the three activities was resistant to N-ethylmaleimide and heatinactivated at similar rates (data not shown). These findings demonstrate that the displacement reaction is catalyzed by RepA protein itself and not by some possible contaminant.
Length of 3Ј-Single-stranded Tail Required for Optimal Helicase Activity-The requirement for a nonannealed 3Ј-tail on the circular helicase substrate was further studied by preparing a series of M13 DNA hybrids in which the length of the 3Ј-tail on the oligonucleotide to be displaced varied from 0 to 23 residues. When these substrates were used in helicase reactions containing a limiting amount of RepA, oligonucleotides with 3Ј-tails Յ4 nt in length were not efficiently displaced. Activity rose sharply as the length of the tail was increased from 4 to 8 nt, appearing to saturate near 12 nt (data not shown).
Directionality of the Helicase-The polarity of the DNA helicase movement is defined by the strand to which the enzyme binds and migrates (52) . The directionality of the RepA movement was determined with the use of hybrid DNA substrates consisting of 21-residue oligonucleotides hybridized to either the 3Ј-or the 5Ј-end of a 789-nt single-stranded DNA fragment. As shown in Fig. 6 , RepA displaced exclusively the 21-mer annealed to the 3Ј-end of the single-stranded fragment. When the same substrates were used in helicase reactions containing the phage P4 ␣ protein, a known 3Ј 3 5Ј DNA helicase (34), the 21-mer annealed to the 5Ј-end was displaced (data not shown). Thus, the polarity of RepA helicase is opposite to that of P4 ␣ protein, namely 5Ј 3 3Ј.
Reaction Requirements and Kinetics of Unwinding-The conditions for optimal helicase activity of RepA were determined by systematically varying the components of the reaction. RepA helicase activity required the presence of a hydrolyzable nucleoside triphosphate. Neither of the two nonhydrolyzable analogues of ATP, ATP␥S or App(NH)p, supported unwinding at levels above background. Among of the NTPs and dNTPs examined, both ATP and dATP efficiently supported RepA-mediated DNA unwinding. GTP and dGTP, and to a lesser extent CTP and dCTP, supported helicase action, whereas UTP and dTTP were very poor cofactors (Table II) . Optimal helicase activity catalyzed by ATP or dATP hydrolysis occurred at 1 mM ATP and 1.5 mM dATP. Higher concentrations of these nucleotides were inhibitory (data not shown). No activity was observed in the absence of a divalent cation. Both Mg 2ϩ and Mn 2ϩ could satisfy the divalent cation requirement, with the optimal MgCl 2 concentration at 10 -20 mM and the optimal MnCl 2 concentration at 5 mM. Concentrations of NaCl, KCl, or NH 4 Cl of less than 20 mM had little or no effect on the RepA helicase activity, but higher concentrations were inhibitory (Ͼ90% inhibition at 100 mM). The pH optimum for the reaction was found in a narrow range, 5.5-6.0, with 20 -25% residual activity at pH values of 7.0 -9.0. Reaction rates increased with temperature from 15 to 40°C. Release of the 3Ј-tailed 45-residue oligonucleotide did not occur until about 53°C. Hence there was no significant nonenzymatic component to the reaction (Fig. 7) . The optimal assay conditions described above resulted in linear accumulation of released oligonucleotide for 10 min at 30°C, and 90% of the total hybridized oligonucleotide was displaced within 30 min (Fig. 8) . Helicase activity of RepA was also proportional to enzyme concentration up to 28 M of RepA hexamers (100 ng of RepA in the assay mixture; Fig. 8 ). At this point, RepA is present at an approximately 70-fold molar excess over helicase substrate. This estimation of enzyme molecules per substrate molecule is based on the assumption that all RepA molecules are active and that the active enzyme species is a homohexamer.
Inhibition of RepA Helicase Activity by ATP Analogues and Pyrophosphate-The effects of three nonhydrolyzable analogues of ATP with modifications of the ␥-phosphate, ATP␥S, App(NH)p, and App(CH 2 )p, as well as those of ADP, AMP, PP i , and P i on RepA helicase activity were measured in the presence of 0.5 mM ATP and various analogue concentrations (Fig. 9) . ATP␥S proved to be the most potent inhibitor. A concentration 2-fold that of ATP decreased the rate of unwinding by about 70%. At the same analogue:ATP ratio, the ␤,␥-imido and the ␤,␥-methylene analogues inhibited the helicase by only 40% and 12%, respectively. ADP and PP i also strongly inhibited the unwinding reaction (ϳ70%) at concentrations 8-fold higher than that of ATP, whereas AMP and P i were without effect. These results are consistent with the observation that RepA bound to immobilized ATP can be quantitatively eluted with ATP, ADP, or inorganic pyrophosphate but not with AMP or inorganic phosphate (data not shown). Thus, a pyrophosphate moiety is apparently of primary importance for the interaction of RepA with ATP or another (d)NTP effector. A similar property has also been described for DnaB (45) .
Effects of E. coli SSB and RSF1010 RepBЈ Primase on the RepA Helicase Reaction-DnaB protein, acting as a helicase on partially duplex DNA substrates, is stimulated greatly by the DnaG primase in the presence of SSB (31) . Since the RSF1010 RepBЈ protein has been considered as the plasmid counterpart of the host primase (24) , it was of interest to determine if RepBЈ, either alone or in combination with SSB, would affect the unwinding reaction catalyzed by RepA. The partial duplex helicase substrate used in these experiments consisted of 591 bp of duplex DNA with 3Ј-and 5Ј-overhangs of 79 and 119 nucleotides, respectively. The reactions were carried out in the presence of ATP and the four dNTPs, conditions under which RepBЈ is known to synthesize mixed RNA/DNA primers on M13 ssDNA containing an RSF1010 ssi sequence (24). 5 As shown in Fig. 10 , the addition of up to 200 ng of SSB, which is sufficient to achieve about 65% saturation of the ssDNA, increased the fraction of the oligonucleotide displaced from 4 to 11%, while concentrations of SSB above this were inhibitory. These effects of SSB on the helicase activity of RepA were observed independently of the order of addition of the two proteins (data not shown) and are similar to those previously reported for E. coli helicase II or DnaB protein (31, 53) . In contrast to the results obtained with SSB, the addition of up to 160 ng of RepBЈ had little or no effect on the helicase activity of RepA. The highest amount of RepBЈ tested represents a 4-fold molar excess over RepA (hexamers) present in the reaction mixture. When this amount of RepBЈ was added to RepA helicase reactions containing various SSB concentrations, the result was essentially identical to that obtained with SSB alone (not shown).
In other experiments, we examined whether there is any 5 E. Scherzinger, unpublished data. effect of RepA on RepBЈ in a primer synthesis assay. The addition of RepA did not detectably alter the pattern of primers synthesized by RepBЈ on single-stranded M13 DNA carrying the RSF1010 ssiA or ssiB sequence (data not shown). Thus, there is apparently no specific interaction between the RSF1010 RepA helicase and the RepBЈ primase, either in the presence or absence of SSB.
DISCUSSION
Helicases are a family of enzymes known for more than 20 years. They are involved in biological key processes such as DNA replication, repair, recombination, and transcription. Nevertheless, little is known about the molecular details of the unwinding process. The combination of the emerging biochemical and structural data for a variety of helicases may provide insight into the unwinding mechanism(s). In this report, by various approaches we have characterized the biochemical and structural properties of RepA of the broad host range plasmid RSF1010, which to date is the smallest replicative helicase described.
In E. coli, the principal helicase in chromosomal replication is the hexameric DnaB protein. During replication, DnaB moves in front of the DNA polymerase III holoenzyme at the replication fork and is physically linked to the core polymerase via the subunit of the holoenzyme (54) . It is reasonable to suppose that replicative helicases of other systems are also linked to the host polymerase, either via a -like subunit or directly. Since RSF1010 is a broad host range plasmid that is largely independent of the initiation machinery of the host, RepA should be able to interact with holoenzymes of various hosts via a subunit. This speculation implicates a conserved domain in bacterial tau proteins capable of interaction with the RSF1010 RepA helicase.
DnaB interacts with another key replication protein of E. coli, the DnaG primase, to function as a mobile promoter for primer synthesis (55) . For the RSF1010 system, an interaction of the corresponding proteins, RepA helicase and RepBЈ primase, was not detectable either in in vitro unwinding reactions or in a primer synthesis assay. Since RSF1010 replicates via a displacement mode, in which both daughter strands, once initiated at ori, are synthesized continuously in the 5Ј 3 3Ј direction, the repeated synthesis of primers within one round of replication is not required (18) .
For efficient unwinding of partial duplex DNA substrates, DnaB, phage T7 gene 4 protein and phage T4 gene 41 protein require a 3Ј single-stranded tail on the fragment to be displaced (i.e. a "forked substrate"). For RepA, a preformed fork is not essential, but a forked substrate is unwound more efficiently than an unforked one. It is hypothesized that the hexamer encircles one DNA single strand to increase the processivity of unwinding by inhibiting dissociation of the hexamer. The unwinding activity should be achieved by the interaction of the helicase with the other single strand of the fork (1). However, the replicative helicase of SV40, large T antigen, does not require such a preformed fork to initiate unwinding, a property also noted with other, nonreplicative helicases (56) .
The pH optimum for RepA helicase activity is between 5.5 and 6, which is unusually low. Such a low pH optimum was also reported for RAD3 helicase of Saccharomyces cerevisiae (57) . The low activity at physiological pH may be due to low enzymatic activity per se. However, we observed that the binding of RepA to viral M13 DNA is strongly pH-dependent. At pH 5.5-6, RepA⅐DNA complex formation is optimal, whereas at pH 7.6, it is nearly undetectable either in the presence or absence of nucleotides (data not shown). Therefore, low pH favors the fast and stable formation of RepA⅐DNA complexes.
Stable oligomerization of helicases often requires the presence of cofactors. The dimerization of E. coli Rep helicase is facilitated by the presence of single-stranded or doublestranded DNA (58) . The formation of stable hexamers of the T4 gene 41 protein or SV40 large T antigen requires the binding of an appropriate nucleotide (13, 59) , and oligomerization of the T7 gene 4 protein is facilitated by the binding of a nonhydrolyzable analogue of dTTP (60) . In contrast, the hexamerization of DnaB is independent of a nucleoside triphosphate but requires the presence of Mg 2ϩ ions (61) . However, RepA exists in solution as a stable hexamer in the absence of any cofactors, like NTPs or divalent cations. This suggests that the monomers of some replicative helicases first have to go through a conformational transition to reach a conformation favorable for oligomerization, while others have an intrinsic structure allowing them to hexamerize. Whether this difference has implications for the mechanism of helicase function is in question, since inside the cell all of these enzymes are in an environment rich in nucleotides.
The property of RepA to form stable hexamers in the absence of cofactors probably has facilitated the growth of diffracting crystals suitable for x-ray analysis (15) and subsequent structure refinement.
The projection average image of the RepA hexamer reveals some features that are similar to those found for other hexameric helicases: (i) the ring-like mass distribution around a central region, probably representing a channel; and (ii) the indication of some structural vorticity.
The channel formed by the ring-shaped helicases DnaB, T7 gene 4 protein, and SV40 large T antigen could be an essential structural property for the binding of these proteins to DNA. Either double-stranded DNA or single-stranded DNA may pass through this channel. Gene 4 protein was shown to form rings around single-stranded M13 DNA (12) , whereas large T antigen was proposed to encircle the double-stranded SV40 origin (62) . The ring-shaped RepA protein provides further evidence for the emerging picture of a common structure of hexameric helicases, whereas the question remains to be addressed of whether RepA encloses single-or double-stranded DNA.
The existence of two quaternary states has been described for hexameric E. coli DnaB helicase (63) and, more recently, also for the helicase structural homologue RecA (51), with different rotational symmetry. Further work on RepA is now in progress to try to image possible conformational changes of this type in the enzyme.
